Many studies in marine coastal lagoons have focused on the marine-to-terrestrial gradient as a main source of variation for the structure of assemblages. In this paper, the magnitude of differences among locations arranged along the marine-to-terrestrial gradient of the western lagoon of Orbetello (Grosseto, Italy) was contrasted with the amount of spatial variability occurring among sets of locations that were not positioned along this axis. We propose that if the most important processes influencing assemblages were those associated with the external-internal gradient of the lagoon, as usually supposed, then assemblages should differ more among these locations than among any other locations. To test the above proposition, four locations arranged along the two major axes of the lagoon were established in November 2000. Each location was sampled three times (November 2000, April 2001, August 2001 to test for temporal consistency in spatial patterns. At each time of sampling, three replicate sites were established in each location. This design enabled estimates of spatial variability to be obtained at three scales: among locations hundreds of meters apart, among sites tens of meters apart and among quadrats hundreds of centimeters apart. Non-metric multidimensional scaling (nMDS) ordination plots on abundance data revealed differences among assemblages hundreds of meters apart. Assemblages in the inner part of the lagoon were separated from those closer to the sea inlet, depending on the marine-to-terrestrial gradient. In addition to this pattern, differences also occurred among assemblages hundreds of meters apart, but positioned at a similar distance from the sea. Multifactorial Anovas on abundance of the most common taxa showed significant differences in mean values at the scales of location and site, with patterns changing over time. These results indicated that spatial structure in assemblages was not a distinctive feature of locations arranged along the marine-to-terrestrial gradient in the lagoon of Orbetello. Similar differences also occurred among other sets of locations at the scale of hundreds of meters, regardless of their position in the lagoon. 
Introduction
The notion that coastal lagoons represent unpredictable aquatic systems because of wide fluctuations in abiotic variables is widely appreciated in the scientific literature (Wilke, 1998) .
The ecological characterisation of these environments has been largely debated and no general consensus has emerged among ecologists, in part as a consequence of this variability. Some authors considered these habitats as distinct 'bioecological domains', characterised by 'stable communities' (Remane, 1940; Bacci, 1954) while others (Alee et al., 1949) considered coastal lagoons as an ecotone between the sea and inland waters with characteristics intermediate between these two adjacent habitats.
Later, Guelorget and Perthuisot (1982 , 1983 , 1992 , hereafter referred to as GP) proposed a new definition of aquatic ecosystems between marine and continental waters and considered them together as an autonomous ecological domain called paralic domain.
Despite divergent points of view (Wilke, 1998; Pérès and Picard, 1964; GP, 1983; Petit, 1953 Petit, , 1962 D'Ancona and Battaglia, 1962; Sacchi and Occhipinti-Ambrogi, 1992) among scientists about the definition of coastal lagoons, most ecologists agreed that the marine-to-terrestrial gradient explained most of the variations in patterns of distribution of benthic species. According to this model, clear patterns of zonation of assemblages should exist along the sea-land axes.
It was traditionally accepted that salinity, strictly related to the increasing distance from the communication link with the sea, was the main factor involved in determining this gradient and hence the spatial distribution of benthic organisms (Remane and Schlieper, 1956; Petit, 1962; Sacchi, 1967; Vatova, 1963) .
In the GP model, salinity was incorporated into the confinement concept. This is the lack of 'vital elements' of marine origin at a given point of the paralic environment that is a function of the time taken by the water coming from the sea to reach that point.
All these models, despite their intrinsic differences, provided an attempt to relate abiotic gradients with distributional patterns of benthic assemblages. These approaches were essentially descriptive and inadequate to describe, let alone to explain, the natural temporal and spatial variability of biological assemblages in lagoons. A major flaw of several studies comparing assemblages along the marine-toterrestrial gradient was that sampling was done at single points along this main axis, confounding effects due to the gradient with other sources of spatial variation in assemblages. To guarantee representative sampling, replicate sites must be sampled at each point along the gradient (Hurlbert, 1984) .
Many studies have shown or suggested that spatial and temporal heterogeneity (patchiness) is an intrinsic feature of many marine benthic assemblages (Morrisey et al., 1992a, b; Metaxas et al., 1994; Kennelly and Underwood, 1992; Underwood et al., 1991; Underwood and Chapman, 1996; Underwood and Skilleter, 1996; Archambault and Bourget, 1998; Benedetti Cecchi et al., 1998; Burrows and Hawkins, 1998) . This variation must be considered in models describing the structure of assemblages to avoid undue generalisations and to assist in identifying likely causal processes responsible for the observed patterns (Dunstan and Johston, 1998; Blanchard and Bourget, 1999) .
The main objective of this study was to test hypotheses about spatial and temporal patterns in assemblages of plants and benthic invertebrates in the western part of lagoon of Orbetello (Grosseto, Italy). Patterns of variation in distribution and abundance of organisms across the marine-toterrestrial gradient were contrasted with alternative patterns that might occur along axes not related to the increasing distance from the sea inlets. We proposed that if the most important processes influencing assemblages were those associated with the external-internal gradient of the lagoon, as usually supposed, then there should be more variations among locations arranged along this gradient than among any other set of locations. Furthermore, there should also be more variations over large than small spatial scales. These hypotheses have already been examined in a previous study that focused on assemblages living on artificial substrata in the lagoon of Orbetello (Benedetti-Cecchi et al., 2001) . Here, we extend this analysis to assemblages living on the natural, soft bottom substratum of the lagoon.
Methods

Study area
The Orbetello lagoon, one of the widest Western Mediterranean poly-hypersaline basins, lies between the coast and Mount Argentario in southern Tuscany. It is separated from the sea by two spits or "Tombolos", a third incomplete spit, on which the town of Orbetello (Grosseto) is located, is connected with Mount Argentario by a causeway that divides the lagoon into the eastern and the western basin. The eastern lagoon is linked to the Tyrrenian Sea by the Ansedonia Channel and the western basin by the Nassa Channel. Additionally, seawater input is guaranteed by a pumping system realised in 1982. Through the Fibbia Channel, the western basin occasionally receives freshwater from the Albegna river (Fig. 1) . The lagoon, with an average depth of 1 m, is characterised by silty sediments located in the deeper central part and by fine sediments near the sea mouth.
In the last 25 years, development of human activities along the lagoon perimeter has produced sensitive changes in the environment leading to eutrophication (Lenzi et al., 1998) , alteration of shores and acceleration of the filling-up process (Lenzi, 1992) . There are many different sources of eutrophication: from tourism that causes a high increase of urban waste (119 tonne per year of nitrogen and 24 tonne per year of phosphorus) to intensive aquaculture that in the last 15 years greatly affected the nutrient waste (37 tonne per year of nitrogen and 1.2 tonne per year of phosphorus). The distribution of these pollution sources is reported in Fig. 1 .
The lagoon is characterised by high temporal variation in physical-chemical properties that experience extreme values for long periods particularly in spring and summer. In fact, the lagoon in some years suffered severe crises of anoxia due to the blooming and subsequent decay of algal masses (Lenzi, 1992; Lardicci et al., 1997; Lardicci and Rossi, 1998) . Some measures have been adopted to limit the eutrophication such as harvesting of the floating sea-weed biomass, but only a small quantity of the yielded standing crop was removed (less than 10%). Our study was carried out on the western side of the lagoon.
Sampling design
A three-factor sampling design was used to assess spatial and temporal variations in the distribution of plants and benthic invertebrates in the lagoon. The largest spatial scale was provided by four locations (O = outer, I = inner, IB = intermediate bridge-side, IS = intermediate sea-side) distributed along the two major axes of the lagoon and located hundreds of meters apart (Fig. 1) . Three sites 10s of meters apart were established within each location and three replicate samples were collected a few meters apart within each site.
To assess whether spatial patterns were consistent over time, sampling was repeated three times (November 2000; April 2001; August 2001) . New sites were established at each location at each time of sampling.
Each sampling unit was chosen randomly by dropping a quadrate (50 × 50 cm) from the boat. The bottom was scrapped and the fronds and the animals were raked from the sample unit and placed in plastic bags. In the laboratory, the samples were sieved through a 1 mm mesh and fixed in buffered formalin (5%). Then the samples were sorted and, whenever possible, the fauna and the flora were identified to species level. All the animals were counted, whereas the abundance of algae and seagrasses was expressed as wet weight. Algae formed intricate mats where red corticated species (mostly Gracilaria verrucosa) and green filamentous species (mostly Chaetomorpha aerea) were most abundant. It was difficult to separate species from these mats, so biomass estimates usually refer to a mixture of algae. Phanerogams, in contrast, were weighted separately. The benthic fauna was sorted and counted to obtain estimates of species abundance.
Data analysis
If the external-internal gradient of the lagoon drives much of the variation in assemblages, then one would expect differences among O, IS and I, but not between IS and IB, since the latter are located at a similar distance from the sea (Fig. 1) . In this case, IB would also differ from both O and I. In contrast, if other sources of variation are important, either in addition or as an alternative to the external-internal gradient, then one would expect differences between IS and IB. These hypotheses were tested using univariate and multivariate techniques. Non-parametric multivariate techniques were carried out using the Primer statistical software package to perform analyses of the abundance data (see Clarke and Warwick, 1994 for a full description). A matrix of similarity was obtained among every pair of sites (using an 'average' sample per site) using the Bray-Curtis index of similarity on fourth root transformed data. Non-metric multidimensional scaling (nMDS) was used to produce two-dimensional ordinations of the rank orders of similarities of the 'average' samples. Formal significance tests for differences among locations and among sites were performed using two-way nested Anosim randomisation/permutation tests. Simper was used to determine which taxa contributed most to the dissimilarity among locations (Clarke, 1993) . The contribution of each species to the Bray-Curtis measure was calculated on fourth root transformed data and the species ranked depending on their contribution in discriminating among groups (Warwick and Clarke, 1991) .
Analysis of variance (Anova) was used to test hypotheses about spatial and temporal patterns in the distribution of those species that contributed most in discriminating among locations. The analysis was a three-factor Anova with time (random, orthogonal to location, three levels), location (fixed, orthogonal to time, four levels) and site (random, nested in location x time interaction, three levels), as factors. The assumption of homogeneity of variances was checked by Cochran's test and, when necessary, data were transformed (Underwood, 1997) .
Results
A total of 141,213 organisms belonging to 44 species or higher taxa were collected in the three sampling dates. It was impossible to identify at species level all the organisms because of their very high abundance. For some taxa (e.g. amphipoda), estimates of the most widespread species were done. In such cases, we prefer to run the statistical analyses using a higher taxonomic level rather than an imprecise quantitative estimate at a more accurate taxonomic resolution.
The most abundant taxon was the amphipods (86,624 individuals) which account for over 60% of the total abundance. Among them, Corophium insidiosum, a species typical of brackish environments, and Gammarus aequicauda, a species linked to algal cover, were the most abundant and widespread. The other classes of crustaceans (tanaidaceans, isopods, decapods) represented only 14% of the total abundance. Among the molluscans (1.3% of the total abundance), Gibbula richardi was the most important species.
Actiniaria (14,344 individuals) and polychaeta (7514 individuals) were found abundantly as well. They account for 10% and 5.3% of the total abundance, respectively. In addition, 5604 organisms of Chironomus salinarius were collected. nMDS ordination plots repeated at each time of sampling revealed considerable differences in structure of assemblages among locations, over a scale of hundreds of meters. Data from November 2000 are reported here as an illustrative example (Fig. 2) , but patterns for other times of sampling were similar. Locations O and IS were arranged on the left hand side of the nMDS plane. They were clearly separated from locations IB and I positioned on the opposite side. Location I-in the inner part of the lagoon-separated from location O-was closer to the sea inlet, depending on the marine-terrestrial gradient. In addition, locations IB and IS, positioned at a similar distance from the sea, segregated on opposite side in the nMDS plot, suggesting the existence of other relevant sources of variation (Fig. 2) . Two-way nested Anosim detected significant differences among locations and among sites within locations (Table 1) . Pairwise comparisons indicated significant differences among any pair of locations, with the exception of O vs. IS that did not differ significantly.
Simper revealed differences in dissimilarities among locations in the range 32.9-42.0%, with maximum and minimum dissimilarities occurring between IB and O and between IB and I, respectively. The results of Simper analysis for each location regarding the first sampling date are shown in Table 2 . Taxa are reported depending on their average contribution to dissimilarity between locations. The species list has been cut off when the cumulative contribution to the dissimilarity reached 40%. The taxa having the greatest contribution to 40% dissimilarity between the Bray-Curtis cluster were generally the most abundant. Among them, Zostera noltii, algae, Ophiuridae, and Sphaeromatidae showed a contribution of about 10%. The contribution of the other taxa never exceeded 6.4%.
Z. noltii discriminated more between locations IS vs. IB than between any other pair of locations. Location O supported the largest biomass of the macroalgae that discriminated between IS and either location I or O. Ophiurans discriminated most between IB and I than between any other pair of locations. However, these observations are not consistent over time.
Zostera noltii abundance and distribution showed high variability over the three sampling dates. The highest values were observed in August 2002 (Fig. 3) .
Macroalgae were generally abundant in the outer part of the lagoon all over the study period reaching their maximum in April 2002 (Fig. 3) .
Ophiurans were very abundant close to the sea inlet, whereas they were almost absent at the other locations during the first and the second sampling dates. In August 2002, they strongly increased and they were mostly abundant in the inner part of the lagoon (Fig. 3) .
In contrast, Sphaeromatidae were more abundant in the first than in the other sampling dates. They colonised all over the lagoon with slight differences in abundance among loca- tions. The only exception was observed in November 2001 relative to IB where they reached their maximum (Fig. 3) . Analysis of variance on the most common taxa showed significant differences in mean abundance at the scales of location and site, with patterns changing over time at the largest spatial scale. The analysis on Sphaeromatidae is shown as an illustrative example (Table 3) . This analysis detected a highly significant time x location interaction, in addition to significant spatial variation at the scale of sites. A summary of significant results is shown for the other taxa (Table 4) .
Conclusions
The results of this study do not support the hypothesis that patterns of distribution and abundance of organisms in the western part of the lagoon of Orbetello are related only to the marine-to-terrestrial gradient. Our investigation showed that, on average, dissimilarity between assemblages did not vary only as a function of distance from the sea inlet. In fact, differences between assemblages located on the opposite side of the sea-land axes (O vs. I) were not larger than those among any other set of locations. Table 4 Summary of analysis of variance on the most abundance taxa. For degrees of freedom and F-ratio, see Table 3 Source of variation These results indicated that in addition to processes operating along the marine-terrestrial gradient, other sources of variability are important in maintaining heterogeneous patterns of distribution and abundance of organisms in this lagoon. This interpretation is supported by the existence of statistically significant differences between assemblages situated at similar distance from the sea inlet (IS vs. IB).
The processes that might account for these patterns can only be hypothesised at this stage. Our results, however, indicated that models based on salinity as the main variable influencing patterns of distribution and abundance of organisms in coastal lagoons are too simplistic and should be considered with caution. Similarly, the theory of 'confinement' may not be appropriate to describe spatial pattern in assemblages in every lagoon.
Our analyses provided evidence of spatial variability in structure of benthic assemblages over scales of 10s (sites) to hundreds (locations) of meters. Three main areas can be recognised in the western part of the lagoon of Orbetello (northern, south-western and eastern), where assemblages occur with distinct structures. It is important to note, however, that differences among locations were not consistent through time in univariate analyses. Temporal variability injects additional uncertainty in models that attempt to explain changes in the structure of assemblages as a function of one or a few variables. Differences among locations can be magnified in the presence of temporal variation, but estimates of space x time interactions are unavailable for most taxa inhabiting coastal lagoons. Appreciation of the inherent variability of these assemblages is likely to enhance our capabilities to understand the underlying causal processes and to provide better models to predict the response of populations to environmental change.
Spatial heterogeneity was recognised by previous authors who worked in the lagoon of Orbetello. Benedetti-Cecchi et al. (2001) identified spatial variations in development of epibenthic assemblages at the scale of hundreds of meters. Similarly, Lardicci et al. (2001) identified considerable spatial variability in abundance and biomass in faunal organisms at the same scale. It is interesting to note that despite a coarse level of taxonomic resolution, our analyses were able to detect significant spatial and temporal patterns for most response variables. Lumping species in higher taxonomic or morphological groups is likely to decrease estimates of variability as a consequence of an 'averaging effect' (Doak et al., 1998) . Larger spatial and temporal variations might be expected for estimates of abundance of single species (e.g. Benedetti-Cecchi, 2000) .
Although usually a target of basic ecological research, estimation of natural spatial and temporal variation for populations and assemblages has important implications for the design and interpretation of studies of impact or managerial intervention (Underwood, 1996) . Identifying spatial patterns in complex habitats such as the lagoon of Orbetello may have important practical implications. Often these habitats are managed as units, with decisions adopted at the scale of the lagoon. Interventions such as the mechanical removal of algae or attempts to mitigate eutrophication through regulation of the amount of water exchanged with the sea are examples. As shown by this and previous studies (Lardicci et al., 2001; Benedetti-Cecchi et al., 2001 ), the lagoon is not a unique, homogeneous habitat. This raises the possibility that different portions of the lagoon might require different management options, depending on the prevailing processes that operate locally. Identifying the processes that generate and maintain spatial and temporal patchiness of assemblages will be critical to underpin managerial decisions in this complex habitat. Documentation of pattern, as targeted in the present study, is the first step to achieve this objective.
